The importance of the right ventricle in the pathophysiology of heart disease is of increasing clinical relevance [@bib1]. Involvement of the right ventricle in myocardial infarction raises the risk of cardiogenic shock and increases mortality, even when treated with primary percutaneous coronary intervention (PCI) [@bib2]. Pre-existing right ventricular (RV) failure portends poor prognosis in several conditions [@bib3], and acute deterioration in RV function often has important hemodynamic and clinical consequences.

The blood supply to the right ventricle depends on the coronary anatomy. In a right-dominant system (80%), the right coronary artery (RCA) supplies most of the right ventricle [@bib4]. The right ventricle is believed to be relatively resistant to ischemia compared with the left ventricle, as propelling blood into a low-resistance pulmonary circulation requires less work. The right ventricle has thinner, less muscular walls with a lower energetic demand and a lower nutrient/oxygen requirement as a result [@bib5]. Coronary balloon inflation during PCI provides a model of supply ischemia. Brief coronary balloon occlusion of the RCA reduces RV stroke volume and stroke work, while there is persistent deterioration of both systolic and diastolic function at 15 min after reperfusion [@bib6], [@bib7]. Studies of brief coronary occlusion on left ventricular (LV) function suggest that, after transient improvement resulting from reactive hyperemia, residual ventricular dysfunction is revealed (stunning) when coronary flow normalizes at some point after reperfusion [@bib8].

Glucagon-like peptide (GLP)-1is an incretin hormone, produced from L cells in response to food bolus. GLP-1 receptor (GLP-1R) agonists such as exenatide and liraglutide are used in the management of diabetes mellitus. Data from large trials have shown that these agents have cardiovascular benefits [@bib9], [@bib10]. Native GLP-1 has been shown to protect against stunning and cumulative ischemic dysfunction in the left ventricle, whether administered before or after balloon occlusion [@bib11], [@bib12], [@bib13].

Animal studies have found that GLP-1 protection against lethal ischemia-reperfusion in the left ventricle is dependent on intracellular signaling pathways involving p70s6K and the phosphoinositol-3-kinase--Akt complex [@bib14], [@bib15], [@bib16]. These signal cascades are important in the transduction of ischemic preconditioning, and the final effector is the mitochondrial potassium--adenosine triphosphate channel (m-KATP channel). However, blockade of the m-KATP channel, a final effector of ischemic preconditioning, did not abrogate GLP-1 protection in humans [@bib13]. Similarly, animal models have implicated changes in myocardial metabolism in GLP-1 cardioprotection [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], but a series of human studies have cast doubt on altered substrate use as the cause [@bib12], [@bib22], [@bib23]. A recent study found that GLP-1 is a coronary-specific vasodilator in humans but does not exert its ventricular effect by reducing systemic vascular tone. This study also confirmed that the GLP-1R was present on LV cardiomyocytes but was not expressed on vascular tissue, and thus GLP-1 is likely to have a direct ventricular effect, with secondary vasodilator effects mediated by ventricular--arterial cross-talk [@bib24].

The present study investigated whether RV dysfunction occurs during serial coronary balloon occlusion, assessed by using the gold standard conductance catheter technique [@bib25], [@bib26], [@bib27], [@bib28], and whether it is ameliorated by GLP-1. These data will confirm whether GLP-1 cardioprotection is confined to the left ventricle or whether it offers protection from RV ischemia.

Methods {#sec1}
=======

Study population {#sec1.1}
----------------

Patients with severe, dominant (providing the posterior descending artery) RCA disease awaiting single-vessel elective PCI, and with normal RV function assessed by echocardiography, were recruited. Patients were excluded if they had experienced a myocardial infarction in the preceding 3 months, had a pacemaker or significant valvular heart disease, or were not in sinus rhythm. All patients provided written informed consent before study inclusion.

Patients were recruited in 2 blocks (control followed by GLP-1) to test the first hypothesis that serial balloon occlusion caused ischemic dysfunction, before testing whether GLP-1 infusion ameliorated the dysfunction. The study protocol was designed to match that used by Read et al. [@bib11] to assess the effect of GLP-1 on the left ventricle. The study was approved by the local ethics committee (REC 14/EE/0141) and complied with the Declaration of Helsinki. The study was registered on clinicaltrials.gov ([NCT02236299](https://clinicaltrials.gov/ct2/show/NCT02236299){#intref0010}); the trial identification number was UKCRN14028.

Pre-study protocol {#sec1.2}
------------------

Variables that could alter coronary or ventricular hemodynamic variables were minimized. Patients were asked to abstain from consuming caffeine, alcohol, and nicotine, as well as nicorandil and oral/sublingual nitrates, in the 24 h before the procedure. Patients were fasted for 6 h, received aspirin 300 mg and clopidogrel 300 mg before the procedure, and were anticoagulated with unfractionated heparin (70 to 100 IU/kg). An activated clotting time was maintained \>250 s throughout the procedure.

Cardiac catheterization {#sec1.3}
-----------------------

[Figure 1](#fig1){ref-type="fig"} depicts the study time line. A 6-F sheath was placed in the right radial artery and a 7-F sheath was placed in the right femoral vein under local anesthetic. Glyceryl trinitrate 100 μg was administered into the radial artery at the beginning of the procedure as standard to prevent radial spasm but not into the coronary arteries. Patients received 500 ml 0.9% saline administered intravenously before the procedure. No other infusions were administered during the procedure. A 6-F multipurpose catheter was positioned in the pulmonary artery and then the right atrium to measure mean pressures and obtain mixed venous blood gas saturations for determination of indirect Fick cardiac output. Blood was sampled to measure blood resistivity. A 7-F eight-electrode conductance catheter (Millar, Inc., Houston, Texas) was connected to an MPVS Ultra (Millar, Inc.) signal-conditioning unit in series with the PowerLab 16/30 (ADInstruments, New South Wales, Australia) 16-channel amplifier. The conductance catheter was submersed in a saline bath and the pressure transducer zeroed before insertion through the venous sheath and positioning it apically along the long axis of the right ventricle under fluoroscopic guidance ([Figure 2A](#fig2){ref-type="fig"}). The conductance catheter was calibrated by using the technique first described in the left ventricle by Baan et al. [@bib29] that has subsequently been used for the right ventricle [@bib30], [@bib31].Figure 1Study Time LineBlood samples taken before baseline (BL1) and at 30-min recovery (BL2). BO1 = first balloon occlusion; BO2 = second balloon occlusion; GLP-1 = glucagon-like peptide 1.Figure 2Example of Data Acquisition**(A)** Fluoroscopic image of the conductance catheter located in the right ventricle during low-pressure balloon occlusion of the right coronary artery. **(B)** Right ventricular (RV) pressure--volume loops recorded at baseline **(blue)**, at the end of the low-pressure balloon occlusion **(red),** and at 15-min recovery **(green)**.

Pressure--volume loop data acquisition {#sec1.4}
--------------------------------------

The conductance technique was used to measure the pressure--volume (PV) loop relationship during mid-expiration breath hold, providing beat-to-beat assessment of RV function at steady state for at least 5 cardiac cycles. PV loop data were recorded at baseline (BL1), the end of a 1-min low-pressure (\<4 atm) balloon occlusion (BO1), and at 1-min recovery. The study infusion was then immediately commenced. PV loop data were acquired after 30-min recovery and at the end of a further 1-min balloon occlusion (BO2). Once data collection was completed, PCI was performed at operator discretion. An example of PV loops generated from the right ventricle during balloon occlusion is shown in [Figure 2B](#fig2){ref-type="fig"}.

Offline RV hemodynamic measurements {#sec1.5}
-----------------------------------

Conductance catheter data were analyzed offline by using LabChart software (LabChart 7.0, ADInstruments). Five steady-state PV loops were recorded at each time point, generating load-dependent parameters of systolic and diastolic function. Systolic parameters of ventricular function were cardiac output, stroke volume, stroke work, ejection fraction, end-systolic pressure, and the maximum rate of isovolumic contraction (dP/dt~max~). Effective arterial elastance to assess afterload was also assessed. Diastolic parameters of ventricular function were end-diastolic pressure (EDP), the maximum rate of isovolumic relaxation (dP/dt~min~), and the time constant of diastolic relaxation (Tau) [@bib32], [@bib33], [@bib34]. Tau represents the exponential decay of the RV pressure during isovolumic relaxation and was determined by using the Weiss method. Tau is considered load dependent but is predominantly affected by heart rate.

Study infusions {#sec1.6}
---------------

Infusion of GLP-1 (7 to 36) amide acetate (or 0.9% saline solution at matched rate) at 1.2 pmol/kg/min was administered after the first balloon occlusion (BO1) until completion of the PV loop measurement (after BO2). This infusion was at the same dose as that administered in previous studies which reduced ischemic dysfunction in the left ventricle [@bib11], [@bib12], [@bib13].

Biochemistry {#sec1.7}
------------

Baseline peripheral venous blood samples to measure glucose, insulin, GLP-1 (7 to 36) amide, and free fatty acids were obtained at the beginning of the case. Additional peripheral venous blood samples were drawn before the second balloon occlusion. Blood for GLP-1 assays was drawn up into pre-prepared 2-ml syringes containing 20 μl of dipeptidyl peptidase-4 inhibitor (Merck Millipore, Nottingham, United Kingdom). These syringes were chilled before collection, and the blood sample was immediately transferred to 2.5-ml ethylenediaminetetraacetic acid tubes, which had also been prepared, containing the protease inhibitor aprotinin (Trasylol, Nordic Group, Trondheim, Norway). These samples were kept in crushed ice until they were spun and stored at −20°C. Samples for insulin and free fatty acids were also collected. Blood samples were collected into lithium-heparin tubes, which were also stored on crushed ice before centrifugation and storage at −20°C. All samples were spun within 1 h of collection.

Immunohistochemistry {#sec1.8}
--------------------

Human tissue samples from anonymous donors were stained for the GLP-1R to correlate our clinical findings with immunohistochemistry. LV and RV samples from nondiabetic patients with ischemic heart disease were stained. Tissue samples from the Royal Papworth Hospital Tissue Bank were stained for the presence of the GLP-1R. Tissue samples were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for a minimum of 24 h before dehydration and paraffin embedding. Pancreas was used as a positive control and also stained with hematoxylin-eosin to identify the beta cells. Matched tissue samples from left and right ventricles underwent immunohistochemical analysis using the mAb 3F52 GLP-1R antibody. This receptor was sourced from the University of Iowa Developmental Studies Hybridoma Bank (DSHB); monoclonal antibody (mAb) 3F52 was deposited to the DSHB by Knudsen, L.B. (DSHB Hybridoma Product mAb 3F52). It has previously been validated as specific for the GLP-1R to map GLP-1R expression [@bib35].

Statistical analysis {#sec1.9}
--------------------

Data are expressed as mean ± SD unless otherwise stated. Analysis was performed by using SPSS version 25 (IBM SPSS Statistics, IBM Corporation, Armonk, New York). The sample sizes used in the present analysis had the power to detect differences between treatment and placebo groups as estimated by previous research [@bib11]. A minimum of 11 patients per group was needed to achieve 80% power. Permission to recruit 15 patients in each group was obtained, ensuring that the study could be completed if datasets were incomplete. Comparison within the groups used a paired Student's *t*-test. For comparisons between groups, nonparametric data were compared by using a Mann-Whitney *U* test, whereas normally distributed data used an unpaired Student's *t*-test. Categorical data were compared with the Fisher exact test. The p values \<0.05 were considered statistically significant.

Results {#sec2}
=======

A total of 27 patients were recruited to the study. Three patients were withdrawn from subsequent analysis for technical reasons. Patient demographic data are summarized in [Table 1](#tbl1){ref-type="table"}. There were no statistically significant differences between the groups, although patients in the GLP-1 group trended toward having increased mean pulmonary artery pressure compared with the control group. Baseline hemodynamic data were broadly similar between groups. However, there was a trend toward increased Tau (p = 0.06) and reduced stroke work (p = 0.06) in the GLP-1 group.Table 1Demographic and Hemodynamic DataControl (n = 13)GLP-1 (n = 11)p ValueDemographic characteristics Age, yrs72 (62--75)66 (58--72)0.25 Male11 (84.6)7 (63.6)0.24 Body mass index, kg/m^2^28.0 ± 4.031.3 ± 5.30.10 Smoking history8 (61.5)5 (45.4)0.43 CCS class (II+)11 (84.6)7 (63.6)0.24 NYHA functional class (II or higher)4 (30.7)6 (54.5)0.24 Previous PCI6 (46.2)4 (36.3)0.63 Hypertension4 (30.7)3 (27.3)0.85 Diabetes1 (7.6)3 (27.3)0.20 Previous MI3 (23.1)2 (18.1)0.77 Hemoglobin, g/dl13.7 ± 1.713.7 ± 1.20.99 Creatinine, mg/dl1.0 ± 0.31.0 ± 0.20.36Baseline hemodynamic variables Systolic blood pressure, mm Hg136 ± 21140 ± 270.69 Diastolic blood pressure, mm Hg68 ± 1269 ± 100.98 Systemic MAP, mm Hg91 ± 1393 ± 130.79 Mean RA pressure, mm Hg6 (4--8)4 (3--6)0.12 Mean PA pressure, mm Hg18 (17--21)13 (12--19)0.07 PA saturations, %71.6 ± 7.071.2 ± 3.60.86 Aortic saturations, %94.6 ± 2.296.0 ± 1.40.11 Cardiac output, l/min5.27 ± 1.054.88 ± 0.790.14 Cardiac index, l/min/kg2.67 ± 0.512.45 ± 0.290.07Baseline hemodynamic variables--RV conductance catheter data Stroke work, mm Hg/ml1,377 ± 5751,001 ± 3820.06 Stroke volume, mm Hg/ml85.9 ± 17.781.5 ± 18.60.26 End-systolic pressure, mm Hg28.5 ± 8.724.5 ± 7.20.26 End diastolic pressure, mm Hg7.6 ± 3.98.6 ± 3.60.37 End systolic volume, ml104 ± 4181 ± 430.19 End diastolic volume, ml147 ± 40118 ± 500.19 Ejection fraction, %57.7 ± 9.461.7 ± 13.10.41 dP/dt~max~, mm Hg/s360 ± 78368 ± 1160.97 dP/dt~min~, mm Hg/s−259 ± 91−246 ± 490.80 Tau, ms56 ± 1368 ± 210.06 Ea, mm Hg/ml0.34 ± 0.090.33 ± 0.150.98[^1][^2]

Effect of repeated coronary balloon occlusion on RV function {#sec2.1}
------------------------------------------------------------

Occlusion of the RCA was associated with deterioration of systolic and diastolic function compared with baseline (BL1). At the end of the first balloon occlusion (BO1), stroke volume, ejection fraction, and dP/dt~max~ were significantly reduced, with Tau and EDP increased ([Table 2](#tbl2){ref-type="table"}). Systolic function improved modestly after 1 min of reperfusion, and only dP/dt~max~ improved to above baseline function. Similarly, there were modest improvements in diastolic function at the 1-min recovery, but Tau was still significantly impaired compared with baseline. At 30-min recovery (BL2), there was numerical improvement compared with BO1 in most measures of systolic and diastolic function, with stroke volume (p = 0.08), dP/dt~max~ (p = 0.07), and dP/dt~min~ (p = 0.09) trending toward improvement, and a statistically significant improvement in Tau (p \< 0.01). Nonetheless, most measures remained impaired compared with BL1 (cardiac output, stroke work, ejection fraction, dP/dt~max~, dP/dt~min~, EDP, and Tau), suggesting that there was stunning of the right ventricle at the 30-min recovery. Further balloon occlusion (BO2) was associated with impairment of the right ventricle, but only dP/dt~max~ (p = 0.01) showed significant impairment of function compared with BO1, consistent with cumulative ischemic RV dysfunction.Table 2RV Hemodynamic Data at All Study Time PointsBL1BO1p Value (vs. BL1)1-minp Value (vs. BL1)BL2p Value (vs. BL1)BO2p Value (vs. BO1)Control group Heart rate, beats/min62 ± 1258 ± 110.1761 ± 120.0862 ± 100.4759 ± 100.28 Stroke work, mm Hg/ml1,377 ± 575742 ± 355\<0.011,351 ± 6880.29954 ± 381\<0.01745 ± 2160.94 Cardiac output, l/min5.3 ± 1.03.6 ± 0.8\<0.015.0 ± 1.10.064.6 ± 1.20.034.1 ± 0.90.42 Stroke volume, ml85.9 ± 17.762.6 ± 13.1\<0.00182.1 ± 17.80.2875.8 ± 17.20.0667.0 ± 16.50.48 ESP, mm Hg28.5 ± 8.728.0 ± 9.30.5827.2 ± 12.30.5729.2 ± 11.70.5429.5 ± 9.50.03 EDP, mm Hg7.6 ± 3.99.6 ± 4.0\<0.0017.5 ± 4.20.039.0 ± 3.3\<0.0110.8 ± 4.10.06 ESV, ml104.7 ± 40.8116.6 ± 31.70.1887.5 ± 39.90.14123.9 ± 43.50.05130.8 ± 43.20.01 EDV, ml146.8 ± 40.2145.8 ± 27.30.80130.3 ± 33.20.19161.0 ± 37.90.25163.6 ± 42.50.03 Ejection fraction, %57.7 ± 11.544.3 ± 13.0\<0.0159.8 ± 18.90.0848.5 ± 10.2\<0.0143.9 ± 13.60.30 dP/dt~max~, mm Hg/s360 ± 78297 ± 90\<0.01411 ± 144\<0.01326 ± 85\<0.01276 ± 860.01 dP/dt~min~, mm Hg/s−260 ± 91−192 ± 76\<0.01−235 ± 1050.44−230 ± 97\<0.01−192 ± 870.99 Tau, ms55.8 ± 13.4108.2 ± 43.3\<0.00169.3 ± 27.50.0272.9 ± 14.0\<0.001106.0 ± 29.60.77 Ea, mm Hg/ml0.34 ± 0.100.50 ± 0.190.010.32 ± 0.140.850.41 ± 0.200.100.47 ± 0.190.74GLP-1 group Heart rate, beats/min62 ± 1060 ± 80.4163 ± 80.7160 ± 90.1960 ± 70.77 Stroke work, mm Hg/ml1,001 ± 381878 ± 3780.14852 ± 4060.12860 ± 3740.31787 ± 3690.18 Cardiac output, l/min4.9 ± 0.64.1 ± 0.8\<0.014.4 ± 0.90.264.3 ± 1.30.164.1 ± 1.00.52 Stroke volume, ml81.5 ± 18.568.3 ± 16.40.0472.2 ± 20.70.2873.9 ± 24.80.2269.1 ± 19.50.54 ESP, mm Hg24.5 ± 7.225.7 ± 8.80.2626.5 ± 8.10.0626.3 ± 5.40.0527.1 ± 6.90.24 EDP, mm Hg8.6 ± 3.610.2 ± 4.30.049.8 ± 3.90.049.7 ± 3.40.0810.4 ± 3.90.34 ESV, ml81.1 ± 43.483.9 ± 41.10.4177.0 ± 46.10.5983.2 ± 30.80.0891.6 ± 42.10.04 EDV, ml118.8 ± 50.3120.7 ± 48.80.74120.9 ± 44.50.79136.3 ± 54.60.15132.0 ± 48.40.11 Ejection fraction, %61.7 ± 13.153.4 ± 10.40.0160.8 ± 16.50.9255.9 ± 12.30.0454.9 ± 13.80.87 dP/dt~max~, mm Hg/s368 ± 115307 ± 860.05346 ± 890.50313 ± 760.02295 ± 730.59 dP/dt~min~, mm Hg/s−246 ± 49−219 ± 670.05−238 ± 570.25−240 ± 390.84−216 ± 590.92 Tau, ms67.8 ± 21.096.5 ± 41.30.0187.4 ± 31.8\<0.0179.6 ± 22.3\<0.0199.5 ± 33.90.32 Ea, mm Hg/ml0.33 ± 0.150.39 ± 0.230.060.41 ± 0.240.070.41 ± 0.210.010.45 ± 0.290.05[^3][^4]

Effect of GLP-1 on RV function during balloon occlusion {#sec2.2}
-------------------------------------------------------

The change in parameters of RV function in the GLP-1 group was similar to those of the saline control group, with systolic and diastolic dysfunction after BO1 (before starting the GLP-1 infusion), stunning, and cumulative ischemic RV dysfunction observed ([Table 2](#tbl2){ref-type="table"}). There was no significant difference in any marker of systolic or diastolic function between the saline and GLP-1 groups at either 30-min recovery or the second balloon occlusion ([Figure 3](#fig3){ref-type="fig"}).Figure 3Serial RV Hemodynamic DataBO1 caused significant reduction in the **(A)** maximum rate of isovolumic contraction (dP/dt~max~) and **(B)** stroke volume (SV) and **(C)** increases in end-diastolic pressure (EDP) and **(D)** the time constant of diastolic relaxation (Tau). \*p \< 0.05 versus BL1. Cumulative ischemic dysfunction measured according to dP/dt~max~ after a second balloon occlusion was observed. \*\*p \< 0.05 versus BO1. There was no significant difference in any right ventricular index between GLP-1 and control saline. Mean ± SEM. Compared by using Student's *t*-test. GLP-1, n = 11; control, n = 13. Abbreviations as in [Figure 1](#fig1){ref-type="fig"}.

Biochemistry {#sec2.3}
------------

[Figure 4](#fig4){ref-type="fig"} shows that GLP-1 levels rose in the GLP-1--infused arm while remaining unchanged in the control arm. GLP-1 was metabolically active, causing a significant rise in insulin levels and a fall in plasma glucose levels. There was a small, but significant, drop in insulin levels in the control group. This reduction may represent the fasted nature of the cohort. However, there were no hypoglycemic episodes recorded during the study. Plasma free fatty acids rose in both groups as a result of the administration of unfractionated heparin required for the procedure [@bib36], but there were no significant differences in free fatty acid levels between the groups.Figure 4Serial Biochemical DataComparison of change in plasma levels of **(A)** GLP-1 (7 to 36) amide, **(B)** glucose, **(C)** insulin, and **(D)** free fatty acids (FFA). Mean ± SEM. Compared by using Student's *t*-test. GLP-1, n = 11; control, n = 13. \*p \< 0.05 versus, BL1, †p \< 0.05 versus control. Abbreviations as in [Figure 1](#fig1){ref-type="fig"}.

Immunohistochemistry {#sec2.4}
--------------------

Antibody staining of human RV and LV tissue confirmed patchy mAb 3F52 binding to cardiomyocytes, indicating the presence of the GLP-1R in both ventricles ([Figure 5](#fig5){ref-type="fig"}).Figure 5Immunohistochemistry Sections Labeling the GLP-1R With and Without mAb 3F52 Antibody**(A)** Pancreatic tissue, high-power (60×), positive control with monoclonal 3F52 antibody, showing moderate widespread staining for glucagon-like peptide 1 receptor (GLP-1R) with high staining in beta cells. **(B)** Pancreatic tissue, negative control without mAb 3F52 antibody, high power (60×), confirming no staining. Right ventricular sections from an explanted heart with ischemic heart disease, **(C)** low power and **(D)** high power (60×), confirming staining with mAb 3F52 for GLP-1R in right ventricular tissue. Matched left ventricular sections, **(E)** low power and **(F)** high power (60×), confirming staining with mAb 3F52 for GLP-1R in the left ventricle. Scale is 100 μm in all images.

Discussion {#sec3}
==========

To the best of our knowledge this study is the first, to assess the effect of GLP-1 on RV function using the conductance technique in humans during supply ischemia precipitated by repeat coronary balloon occlusion. RCA occlusion was associated with marked deterioration in systolic and diastolic measures of RV function. There was rapid RV recovery of some indices at 1 min, although residual stunning was observed at 30 min. Further occlusion was associated with cumulative RV dysfunction in some indices. GLP-1 did not abrogate myocardial stunning or ischemic RV dysfunction.

Ischemic LV dysfunction and stunning after transient coronary balloon occlusion have been reported previously by our group [@bib11], [@bib12], [@bib13]. Transient supra-baseline improvement in systolic performance occurs during early reperfusion due to reactive hyperemia, causing increased coronary flow that augments LV function through a phenomenon known as the Gregg effect [@bib37]. Increased volume of the microvasculature after reperfusion causes stretch-activated calcium channels to open. The resultant influx of calcium increases myocyte contractility and briefly masks the effect of ischemic LV dysfunction, despite the presence of stunning [@bib38]. Stunning is revealed when the reactive hyperemia subsides.

In the present study, the magnitude of the effect of coronary balloon occlusion and reperfusion on RV function was blunted compared with studies investigating the left ventricle. This difference may be explained by: 1) the comparatively low myocardial mass of the right ventricle; 2) reduced ischemic burden during RCA occlusion; 3) the conduit nature of the right ventricle as a volume pump; and 4) because up to 50% of RV function is derived from the left ventricle, through a shared septum and ventricular interdependence. Nevertheless, in contrast to previous studies [@bib6], we assessed the prolonged recovery of the right ventricle from transient supply ischemia. We confirmed that, like the left ventricle, when reactive hyperemia subsides, RV stunning is discernible and cumulative RV dysfunction can be observed.

GLP-1 abrogates LV stunning and cumulative ischemic dysfunction during both supply (coronary artery occlusion) and demand (dobutamine stress) ischemia, in a consistent manner [@bib11], [@bib13], [@bib39]. The absence of a cardioprotective effect in the right ventricle is surprising, particularly as we have confirmed that GLP-1 levels were significantly augmented in our study and that the GLP-1R is expressed on RV myocytes. This finding is consistent with other recently published data showing the presence of GLP-1R messenger ribonucleic acid in all 4 chambers of the heart [@bib40]. The absence of protective effect may again be explained by the reduced mass of the right ventricle. Although GLP-1 still binds to cardiomyocytes in the right ventricle, the effect size could be too small to be detected clinically by the conductance catheter. Furthermore, the reduced myocardial mass of the right ventricle may prevent the detection of cardioprotection by GLP-1 in this thinner walled ventricle. The GLP-1R appears to be expressed in the same density as in the left ventricle, although we have not been able to accurately quantify receptor density for comparison in this study. It is possible that although GLP-1 binds the receptor in the right ventricle, this action does not affect the RV cardiomyocytes in the same fashion as in the left ventricle. The presence of persistent RV impairment after PCI to the RCA is pertinent to clinical practice.

Our findings may be especially relevant in patients with limited RV functional reserve, in whom hemodynamic instability after PCI is a particular risk. Minimizing the duration of coronary balloon occlusion during PCI in this subset of patients could reduce the risk of hemodynamic compromise. From a translational perspective, GLP-1 and GLP-1R agonists remain potential therapeutic agents for those with acute hemodynamic disturbance related to myocardial ischemia. Pilot studies have shown that GLP-1R agonists reduce the need for inotropic support for critically ill patients [@bib41], [@bib42]. However, our data suggest that, although GLP-1 may be a possible therapy for ischemic LV dysfunction, GLP-1 is not likely to be a useful therapy for reducing ischemic RV dysfunction.

Study limitations {#sec3.1}
-----------------

The 30-min recovery period was chosen for ethical and practical reasons. Longer follow-up to show that parameters eventually returned to baseline values would be desirable to confirm the reversible nature of RV stunning. Similarly, we did not directly confirm coronary flow normalization required to fulfill the definition of stunning. However, we and others have confirmed recovery of basal flow velocity within this time frame in the left coronary artery [@bib8]. The myocardial bed subtended by the RCA is smaller, and therefore, a priori, the ischemic insult after RCA occlusion is less and subsequent reactive hyperemia in response shorter than that seen after left coronary artery occlusion. Despite recruiting patients with proximal stenoses in dominant RCAs, we did not confirm the degree of ischemic insult by using another modality (e.g., serum lactate). It is possible that the 2 groups had different ischemic burdens that masked any difference being observed in the GLP-1 group.

The right ventricle is a challenging chamber to assess in all imaging modalities. For RV conductance studies, its thin wall increases parallel conductance, whereas its eccentric shape means that volume assessment is less amenable to simple geometric modeling than the conical left ventricle. Nonetheless, a number of studies have shown that RV conductance studies provide accurate assessment of the right ventricle [@bib6], [@bib26], [@bib27].

Patients in the present study were not randomized to treatment. However, all eligible patients were consecutively recruited into the study from the elective PCI waiting list compiled independently from the clinicians involved in the study. The endpoint data were objective empiric hemodynamic data and not influenced by knowledge of the allocation and techniques employed were familiar to the operators, minimizing the risk of a "learning curve" on the results. GLP-1 protects against ischemic left ventricular dysfunction. There was a nonsignificant difference in the baseline characteristics of the 2 groups that was unexpected and may have disadvantaged the GLP-1 group and prevented small improvements in RV dysfunction being observed after GLP-1 compared with control subjects. However, patients also acted as their own control with serial BO, and we believe a neutral effect of GLP-1 on the right ventricle is likely.

Conclusions {#sec4}
===========

Stunning and cumulative ischemic RV dysfunction was observed after RCA balloon occlusion in human subjects. This scenario may contribute to hemodynamic instability in patients with limited RV reserve. GLP-1 infusion did not attenuate this ischemic RV dysfunction.Perspectives**COMPETENCY IN MEDICAL KNOWLEDGE:** Animal studies have shown that GLP-1 protects against lethal ischemia-reperfusion injury. Human studies have shown that GLP-1 protects against ischemic left ventricular dysfunction. This translational study found that stunning and cumulative dysfunction occur in the right ventricle but that GLP-1 does not abrogate this action. These findings may be of clinical relevance to a subset of patients with limited RV reserve during PCI.**TRANSLATIONAL OUTLOOK:** Additional research is needed to address the mechanisms behind GLP-1 cardioprotection in the left ventricle and whether GLP-1 also protects against lethal ischemia-reperfusion injury in humans.
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[^1]: Values are median (interquartile range), n (%), or mean ± SD.

[^2]: CCS = Canadian Cardiovascular Society functional classification of angina; dP/dt~max~ = maximum rate of isovolumic contraction; dP/dt~min~ = maximum rate of isovolumic relaxation; Ea = effective arterial elastance; GLP-1 = glucagon-like peptide 1; NYHA = New York Heart Association; MI = myocardial infarction; MAP = mean arterial pressure; PA = pulmonary artery; PCI = percutaneous coronary intervention; RA = right atrial; Tau = time constant of diastolic relaxation.

[^3]: Values are mean ± SD.

[^4]: 1-min = 1-minute recovery; BL1 = baseline; BL2 = 30-min recovery; BO1 = first balloon occlusion; BO2 = second balloon occlusion; ESP = end-systolic pressure; EDP = end-diastolic pressure; ESV = end-systolic volume; EDV = end-diastolic volume; other abbreviations as in [Table 1](#tbl1){ref-type="table"}.
